Objective: To identify the characteristics of physical activity that are the most correlated to total and truncal fatness and to physiological parameters involved in fat oxidation in elderly men. Design: Cross-sectional study. Subjects: A total of 25 healthy elderly men selected with a wide range of physical activity behavior (65.973.4 years). Measurements: Total and truncal fat masses (by dual-energy X-ray absorptiometry), time spent and energy expended (EE day ) at specific activity intensities (o40, 40-60, 460% VO 2max ) during 1 week in free living conditions (using heart rate recording and individual calibrated equations), sport-exercising volume (V sport , using Baecke questionnaire), maximal oxygen uptake (VO 2max ), muscle fat oxidative capacity (OX FA , using muscle biopsy), lipid oxidation and respiratory exchange ratio during exercise at 50% VO 2max (using indirect calorimetry). Results: V sport was the main determinant of total and truncal fatness, VO 2max and OX FA (r ¼ À0.69, Po0.0001; r ¼ À0.80, Po0.0001; r ¼ 0.70, Po0.0001; r ¼ 0.66, Po0.001, respectively). Among physical activity parameters measured over a week, total EE day was the main determinant of total fat mass. Furthermore, EE day at % VO 2max 460 was closely correlated to truncal fat mass, VO 2max and OX FA (r ¼ À0.58, P40.01; r ¼ 0.55, Po0.01; r ¼ 0.49, Po0.05, respectively). Finally, VO 2max and OX FA were positively correlated to absolute fat oxidation and to the contribution of fat to energy production during moderate exercise. Conclusion: Sport-exercising volume is the main factor regulating total and truncal fat masses and physiological parameters involved in fat oxidation. With regard to the characteristics of physical activity, overall energy expended during the alert period plays a major role in the regulation of total body fatness. In addition, vigorous exercises may be beneficial for the regulation of abdominal fat depot partly through the stimulation of muscle fat oxidation during the effort.
Introduction
Fat is a major source of energy for muscle contraction during low-and moderate-intensity exercises. The pattern of substrate utilization (fat vs glucose) during physical activities depends on the interaction between exercise intensity and exercising-induced physiological adaptations such as muscular biochemical adjustments that increase the muscle fat oxidative capacity. 1, 2 Although controversial, 3 high muscle fat oxidative capacity has been suggested to enhance fat oxidation during exercises at moderate intensity, 4 with significant consequences on daily fat oxidation. 4, 5 Therefore, the optimization of muscle fat oxidative capacity by means of adequate physical activities may be beneficial for the regulation of fat balance, and ultimately of body fat mass. Position papers [6] [7] [8] have concluded, according to population-based epidemiological studies, that weight gain and disease risk, particularly cardiovascular risk, were limited with increasing amounts of daily physical activity even of low intensity. Current public health recommendations for physical activity promote 30 min of moderate-intensity activity each day. However, more recently, this amount of physical activity was shown to be insufficient to prevent unhealthy weight gain. [9] [10] [11] It was therefore proposed that more vigorous exercises would more appropriate.
Performing household tasks and leisure activities is associated with increased energy expenditure (EE) and enhanced fat oxidation, both being involved in the regulation of fat balance. However, we can hypothesize that the volume of vigorous exercises may be more effective than activities of moderate intensity through their stimulating effect on physiological adaptations that improve fat utilization during muscle contraction. 2 Individuals aged 65 and over constitute the most rapidly growing segment of the population in industrialized countries. By the year 2030, people over 65 years could comprise nearly 25% of the population in these countries. Aging is often associated with increased sedentary lifestyle. In all, 65% of the adults aged 75 years and older report no leisure physical activity, while only 12% engage into 30 min of moderate physical activity 5 or more days per week. 12 If the decline in daily EE is greater than the diminution in daily energy intake, a positive energy balance is created that is responsible for increased central and total body fat depots. 13 Presently, the characteristics of physical activity, that is, frequency, intensity and duration, required to prevent this situation are still unknown. The present study aimed therefore at identifying the characteristics of physical activity that are the most correlated to total and central fatness in 25 healthy elderly men selected with a wide range of physical activity behavior. Furthermore, we determined the strength of the association between physiological parameters that determine fat oxidation (i.e. muscle oxidative capacity and VO 2max ) and fat balance and body fatness.
Subjects and methods

Subjects
The present study involved 25 healthy elderly men (65.973.4 years), who were characterized by a large range of physical activity from sedentary to athletic. All subjects had normal physical and medical examination. They were nonobese, weight stable, nonsmokers, not suffering from any diagnosed disease, and under no medication known to influence energy and lipid metabolism. The nature and potential risks of the study were fully explained and written informed consent was obtained from each participant. The experimental protocol was approved by the ethical committee of Clermont-Ferrand and performed according to the principles expressed in the Declaration of Helsinki and the French legislation (Huriet law).
General study design
The study design is illustrated in Table 1 . The inclusion period included an activity questionnaire, a medical examination and a maximal aerobic power test. The measurement period started with heart rate (HR) recording over 1 week in free-living conditions. Then, the subjects were placed on a controlled diet 3 days before and throughout the metabolic measurements in order to normalize their nutritional intakes. Body composition measurement, 36 h whole-body indirect calorimetry and muscle biopsy were performed on separate days.
Physical activity characterization Activity questionnaire. A sport index was calculated using the activity questionnaire from Baecke et al.
14 The calculation of the sport index takes into account three coefficients: the intensity (type of exercise), the duration (hours per week) and the regularity (months per year) of the physical exercising. Three levels of intensity were considered and included light-intensity fitness exercises such as golf, archery, billiards, motorized sports; moderate-intensity fitness exercises such as walking, tennis, swimming, skiing and high-intensity fitness such as running, cycling, soccer, handball, hockey and gymnastics. Five levels of duration per week were considered: less than 1 h, 1-2, 2-3, 3-4 and more than 4 h per week. Finally, five levels of regularity over a year were considered: less than 1 month, 1-3, 4-6, 7-9 and more than 9 months per year. The product of the three coefficients was calculated for each sport. Then, all scores were added to calculate the sport index.
Maximal aerobic power test. The tests were all performed on the same cycloergometer (Ergomeca, Monark, Sweden) under cardiovascular supervision by a cardiologist, as described previously. 15 Maximal oxygen uptake (VO 2max ) 
HR recording
HR was recorded minute-by-minute using telemetry (Polar protrainert Polar Electro Oy, Finland) during 1 week in free living conditions as described previously. 16 Using these HR recordings, the energy expended during the alert period (from 0700 to 2300 h) (total EE day ), the energy expended at specific activity intensities (EE day at VO 2max o40, 40-60 and 460%) and the time spent at specific activity intensities (o40, 40-60 and 460% of VO 2max ) were calculated using individual relationships set up between HR and EE and between HR and %VO 2max . These equations were established using the combined measurements obtained during 36 h in whole-body indirect calorimetric chambers and during the maximal aerobic power test. Indeed, these combined data allowed to calibrate individual equations that took into account HR, EE and %VO 2max from sleeping and resting conditions to maximal values. EE day were expressed per kg of body weight.
Controlled diet
The controlled diet was balanced in lipids (35% of energy), carbohydrates (50%) and proteins (15%), and was calculated to meet the subjects' energy needs on a personal basis, as described previously.
15
Body composition assessment Body mass was measured to the nearest 0.1 kg on SECA 709 or 812 scales (SECA, Les Mureaux, France). Height was measured to the nearest 0.5 cm. A transverse scan of total body was performed using DEXA (Hologic QDR 4500 X-Ray bone densimeter, Hologic, Waltham, MA, USA) for determination of total and regional (arms, legs and trunk) body compositions, as described previously.
Program and measurements in the calorimetric chambers After one night of adaptation, subjects spent 24 h in the calorimetric chambers while the diet and the activity program were controlled.
Activity program and food intakes in the calorimeters. The activity program in the calorimeters consisted of four periods of 30-min walking at 50% VO 2max . During the remaining time, subjects had resting activities such as watching TV, reading and writing. The energy supply (ES) was calculated to meet each subject's energy needs on a personal basis. For that purpose, expected daily EE was calculated from the duration and the energy cost of the various activities in the calorimeters (e.g., walking) 15 and from each subject's predicted BMR. 17 Indirect calorimetry measurements. Respiratory gas exchanges were measured continuously using two open-circuit wholebody calorimetric chambers as described previously. 15 Gas analyzers were calibrated upon commencement, after 13 h (evening) and at the end of the 24-h measurement period using standard gas mixtures. Gas exchanges were computed from the minute-by-minute measurement of outlet air flow, differences in gas concentrations, atmospheric pressure, chamber air temperature and hygrometry, and taking into account the gas analyzers drifts and the variations of the volumes of CO 2 and O 2 in the chambers. The validity of gas exchange measurements was checked gravimetrically, comparing the amounts of gases (CO 2 , O 2 ) analyzed and those expected from the weights of gases (CO 2 , N 2 ) injected into the chambers during a 24-h period. The recovery was 98.571.0% for N 2 and 100.171.0% for CO 2 .
Urine was collected over 24 h, partitioned into two periods (alert period from 0700 to 1100 h, and sleep from 1100 to 0700 h) for the determination of urinary nitrogen excretion. EE was calculated using Weir's equation 18 from the minuteby-minute measurement of gas exchanges corrected for the urinary nitrogen excretion. Daily energy balance was calculated from the difference between daily energy intake and daily EE, and expressed as percentage of daily EE. The indirect calorimetry measures during walking periods (2 h, 4 times 30 min) were analysed. Respiratory exchange ratio (RER) was calculated as the ratio of CO 2 production divided by O 2 consumption. Lipid oxidation was calculated from gas exchanges and urinary nitrogen excretion over the periods of interest using Ferrannini's equations. 16 In particular, respiratory gaseous exchanges during walking were determined over the last 20 min of each session.
Determination of the relationships EE ¼ f(HR) and %VO 2max ¼ f(HR). HR was continuously monitored in the calorimeters. HR, EE and %VO 2max were averaged over 30-min intervals.
As low levels of HR, EE and %VO 2max were obtained in the calorimeters, measures of HR, EE and %VO 2max acquired during the maximal aerobic power test were added to improve the quality of the model adjustment. Individual relationships between HR and EE and between HR and %VO 2max were then established using a third-degree polynomial adjustment. 16 Muscle biopsy and assay Muscle biopsy. After an overnight fast, biopsies were obtained from the vastus lateralis muscle under a local anesthetic (5 ml lidocaïne 2%) with a percutaneous needle. 
Statistical analysis
Results are reported as mean7s.d. Correlation coefficients are Pearson product-moment correlations. Stepwise linear regressions were used to identify the main determinants of body fatness, VO 2max /FFM and muscle fat oxidative capacity among physical activity parameters. Results were considered statistically significant at the 5% level. Statistics were performed using Statview 5.0 (SAS Institute Inc., Cary, NC, USA).
Results
Subjects' characteristics and physical activity parameters are summarized in Table 2 . As shown in Table 3 Influence of physical activity behavior on body fatness (Tables 4  and 5 ) Total (Po0.0001) and truncal (Po0.0001) fat masses were the most negatively correlated to sport index. When considering characteristics of physical activity determined over a week in free living conditions, total and truncal body fatness were negatively correlated to EE day total (Po0.001), at %VO 2max o40 (Po0.01) and at %VO 2max 460 (Po0.01), but not at %VO 2max ¼ 40-60 (P ¼ NS) (Table 4) . By contrast, total and truncal body fat masses were not significantly correlated to the time spent at specific intensities (P ¼ NS) (Table 4 ). Stepwise regression showed that total EE day was the main determinant of total body fat mass and %fat mass, whereas EE day at %VO 2max 460 was the main factor explaining differences in truncal fat mass ( Table 5 ).
Influence of physical activity behavior on VO 2max and muscle fat oxidative capacity ( Similarly, muscle fat oxidative capacity was positively correlated to sport index (Po0.001), EE day total (Po0.05), at %VO 2max o40 (Po0.05) and at %VO 2max 460 (Po0.05), but not at %VO 2max ¼ 40-60 (P ¼ NS) (Table 4 ). Among the physical activity parameters determined over 1 week in free living conditions, stepwise regression identified EE day and the time spent at %VO 2max 460 as the main Lipid oxidation and RER during exercise at 50% VO 2max As presented in Figure 1b and c, lipid oxidation (g h À1 kg FFM
À1
) and RER during exercise at 50% VO 2max were significantly correlated to VO 2max /FFM after adjustment for differences in energy balance (r ¼ 0.73, Po0.0001 and r ¼ À0.59, Po0.01, respectively).
Discussion
The aim of the present study was to identify in elderly men the characteristics of physical activity that better correlate to body fatness and physiological parameters known to potentially improve fat oxidation (i.e. VO 2max and muscle fat oxidative capacity). The volume of sport exercising, a selfreported index that quantified the sum of intensity Â duration Â frequency of all sport exercises practiced by a subject over a year, was the most correlated to total and central body fatness, VO 2max and muscle fat oxidative capacity. When considering the characteristics of physical activity determined over a week using HR recordings, the energy expended during vigorous activities (460% VO 2max ) was the most correlated to truncal fatness, VO 2max and muscle fat oxidative capacity, while the overall energy expended during the alert period was the most correlated to total body fatness. Interestingly, energy expended during moderate activities (40-60% VO 2max ) was not associated with differences in body fatness, VO 2max and muscle fat oxidative capacity. These results confirm that regular sport exercising is a major factor regulating the whole body fat balance in elderly men. Daily EE, which is positively correlated to the volume of sport exercising, is an important component involved in the regulation of fat balance. Furthermore, the volume of vigorous activities may play an important role in the regulation of fat balance (especially in the abdominal area), possibly through the stimulation of physiological parameters that promote fat oxidation.
We found that the volume of sport exercising was the most negatively correlated to total and truncal fat masses. The beneficial effect of sport exercising on body fatness may act through (1) the enhancement of EE and (2) the enhancement of fat utilization. First, the volume of sport exercising was positively associated with the overall energy expended during the alert period. More specifically, it was positively Physical activity and fat metabolism V Rimbert et al correlated to the energy expended during low and vigorous activities, but not to the energy expended during moderate activities. Therefore, the beneficial effect of sport exercising on body fatness may act through increased EE during vigorous activities and also during nonexercising periods, which may be associated with fidgeting, maintenance of posture and other physical activities of daily life. 20 Secondly, sport exercising was strongly correlated to VO 2max and muscle fat oxidative capacity, and the latter were positively correlated to fat oxidation and to the contribution of fat to ES during an exercise at moderate intensity. These results suggest that high volume of sport exercising may improve the regulation of fat balance through the promotion of fat utilization during exercise. However, the effect of training on the amount and proportion of fat oxidized during exercise of the same relative intensity is controversial. While longitudinal studies have supported the notion that training has no significant effect on fat oxidation during exercise, 3, 21, 22 cross-sectional studies have demonstrated a higher fat oxidation rate in trained subjects than in untrained individuals. 23, 24 In addition, the increased proportion of fat oxidized during exercise at the same relative intensity is in contrast with the data presented by Achten and Jeukendrup. 2 The authors showed that, despite a 17% higher absolute fat oxidation rate when cycling at 62% VO 2max in welltrained athletes compared to moderately trained individuals, the relative contribution of fat to EE was 30% in both groups. Therefore, further studies are needed to clarify this question. Finally, it is tempting to hypothesize that, because the volume of sport exercising was more closely correlated to body fatness than the characteristics of physical activities determined over a week, the beneficial effects of regular sport exercising may also act through others parameters, such as the control of food intake and of mood, and improvement of circulating hormones. 25, 26 Our results suggest that practicing daily activities at an intensity higher than 60% VO 2max may be specifically beneficial for the regulation of truncal fat depot. This is in agreement with some cross-sectional studies that showed that subjects practicing vigorous activities on a regular basis had lower abdominal fat than those not performing these activities. 27, 28 In addition, an intervention study reported that vigorous aerobic training induced a reduction in abdominal fat in middle-aged and older men. 29 However, Cox et al. 30 did not observe changes in abdominal fat depot after a 4-month vigorous exercise program consisting of three half-hour sessions per week. Thus, it remains to be determined whether a threshold of vigorous activities volume has to be reached to affect truncal fat mass. The latter is composed of abdominal subcutaneous and visceral fat depots. Lipolysis in abdominal subcutaneous adipose tissue was shown to increase during 31 and after 32 an exercise of high intensity. In addition, visceral adipocytes have a higher responsiveness to the lipolytic effect of catecholamines than subcutaneous adipocytes. 33, 34 Therefore, vigorous exercise-induced catecholamine secretion might promote the mobilization of fatty acids from visceral and abdominal subcutaneous adipocytes to provide energy for muscle contraction. A moderate increase in EE, achieved through walking, household tasks and other light-intensity activities, has been recently proposed to limit the risk of metabolic diseases associated with increased body fatness. 35, 36 In addition, the current recommendation for sedentary adults to prevent the transition to overweight or obesity is the practice of moderate intensity activity for 45-60 min per day. 10 The present results are partly in agreement with these recommendations, as we observed that the volume of sport exercising was the main determinant of body fatness. However, our results also suggest that practicing activities of vigorous intensity may be important to better regulate abdominal fat mass, which is particularly related to the metabolic syndrome. 37, 38 Furthermore, the present study showed that regular sport exercising is associated with an increase in the energy expended during low-intensity activities, in addition to the periods of vigorous activities. This suggests that engagement in vigorous exercises may be more beneficial for the regulation of fat balance than practicing moderate-intensity activities, possibly through an increased tonicity which helps to substantially increase the overall EE. ), gardening with vigorous activity, cycling and light jogging in sedentary individuals. By contrast, sport exercises (e.g. moderate to vigorous cycling and running) have to be performed to reach this threshold of intensity in moderately trained men (Figure 2 ).
In conclusion, our results showed that, in healthy elderly men, total and truncal fat masses and physiological parameters involved in fat oxidation (i.e. VO 2max and muscle fat oxidative capacity) were closely associated with the volume of sport exercising that integrates the intensity Â duration Â frequency of all sport exercises practiced by a subject over a year. When only considering physical activity characteristics determined over a week in free living conditions, the overall energy expended during the alert period was the main factor explaining differences in body fat mass, demonstrating that increasing EE, whatever the activity, plays a major role in the regulation of total body fatness. However, other physiological adaptations associated with regular exercising (such as energy intake) might also contribute to the regulation of body fatness, but this aspect deserves further investigations. Furthermore, the energy expended during vigorous activities (460% VO 2max ) was the main determinant of truncal fat mass, VO 2max and muscle fat oxidative capacity. The beneficial effect of vigorous exercises on abdominal fat depot may possibly act through a higher abdominal fat mobilization and a higher Physical activity and fat metabolism V Rimbert et al muscle fat oxidation during the effort. Finally, the present study stresses the importance of regular sport exercising, particularly vigorous activities, throughout life span for the prevention of age-associated unhealthy weight gain. Physical activity and fat metabolism V Rimbert et al
